In Brief Wapinski et al. find that ''on-target'' pioneer factor Ascl1 induces rapid, genome-wide chromatin remodeling and nucleosome phasing that precedes other indicators of neuronal maturation. Building a network model incorporating chromatin accessibility and transcriptomic changes allows identification of Zfp238, Sox8, and Dlx3 as critical downstream factors for iN cell reprogramming.
INTRODUCTION
The ability of master regulators to redefine somatic cell fate has substantially added to our understanding of stem cell biology and development. Ectopic expression of select transcription factors (TFs) can reprogram terminally differentiated cell types into a pluripotent state (Okita et al., 2007; Park et al., 2008; Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Wernig et al., 2007; Yu et al., 2007) or directly into somatic cells of unrelated lineages (Davis et al., 1987; Huang et al., 2011; Pang et al., 2011; Vierbuchen et al., 2010) .
Given their ability to access their targets in a non-permissive state, it has been recently suggested that some of these TFs act as ''pioneer factors'' (Berkes et al., 2004; Gerber et al., 1997; Soufi et al., 2012 Soufi et al., , 2015 Wapinski et al., 2013) . However, pioneering activity can differ markedly depending on the master regulator involved. In reprogramming fibroblasts to induced pluripotent stem cells (iPSCs), Oct4, Sox2, and Klf4 access different sites in fibroblasts than in iPSCs in a mostly cooperative manner (Chronis et al., 2017; Soufi et al., 2012) and DNA elements preferentially pioneered contain only parts of the canonical binding motifs (Soufi et al., 2015) . Thus, secondary events must occur that eventually lead to proper TF binding as is reflected by sequential waves of gene expression programs that recapitulate steps in early embryonic development and patterning (Cacchiarelli et al., 2015) .
In contrast, during reprogramming of fibroblasts to induced neuronal (iN) cells using Ascl1, Brn2, and Myt1l, the pro-neural basic helix-loop-helix (bHLH) factor Ascl1 acts as an ''on-target'' pioneer factor, binding to its physiological targets even in closed chromatin regions, and actively recruits other TFs to some of its targets sites (Wapinski et al., 2013) . This finding suggested that Ascl1 may be the most powerful of the three reprogramming factors and a strong activator of the neuronal program. Indeed, under optimized conditions, Ascl1 alone can reprogram fibroblasts to fully functional iN cells, albeit with lower efficiencies (Chanda et al., 2014) . Although the on-target pioneering nature of Ascl1 is now well documented, very little is known about the subsequent dynamics of Ascl1 binding and the resulting alteration of the chromatin landscape over the course of reprogramming (Chanda et al., 2014; Wapinski et al., 2013; Yao et al., 2013) . Recent single-cell RNA-sequencing (RNAseq) experiments showed remarkably homogeneous initiation of transcriptome reprogramming followed by the emergence of several possible transcriptional programs (Treutlein et al., 2016) , highlighting the need to examine their possible origins at the chromatin level.
Here, we explored the chromatin dynamics of iN cell reprogramming induced by Ascl1 by measuring chromatin accessibility, a cardinal feature of active regulatory DNA. Eukaryotic genomes are extensively compacted by chromatin, except at active regulatory elements such as enhancers, promoters, and insulators. Prior methods of tracking chromatin accessibility were impractical as they often required tens of millions of cells, which was challenging to obtain due to low reprogramming efficiencies and cell death, particularly at later time points. The advent of assay of transposase accessibly chromatin with sequencing (ATAC-seq) provided a new and sensitive way to track open chromatin regions and predict TFs binding and nucleosome positions with as few as 500 cells (Buenrostro et al., 2013 . Thus, ATAC-seq allowed us to better study epigenetic changes in a genome-wide fashion through the course of Ascl1-mediated reprogramming.
RESULTS

Ascl1 Induces Widespread Chromatin Remodeling in Fibroblasts within Hours
We used ATAC-seq to measure chromatin accessibility dynamics in mouse embryonic fibroblasts (MEFs) as they are reprogrammed into iN cells using Ascl1. Substantial transcriptional responses to Ascl1 in MEFs occur over the first 48 hr (Wapinski et al., 2013) , preceding any overt morphological changes (Figure 1A) . After 48 hr, the cultures become heterogeneous, and around day 5, the cells undergoing productive reprogramming start to induce the neuronal reporter gene TauEGFP. We therefore sampled cells for ATAC-seq at early time points in short intervals (12, 24, 36, and 48 hr) and isolated TauEGFP + cells at later stages of reprogramming (days 5, 13, and 22) by fluorescence-activated cell sorting (FACS) ( Figure 1A ). TauEGFP + cells first appear with mostly rounded morphologies and occasional outgrowth of a short, non-tapering process. These morphologically distinct cells do not exhibit yet any functional neuronal properties. By day 13, a large number of cells exhibit clear neuronal morphologies with several dendritic branch points, express many pan-neuronal markers, and begin to express more mature synaptic markers such as synaptophysin. iN cells at day 22 have matured to fully functional neurons with the ability to fire action potentials and form synapses ( Figure 1A ) (Chanda et al., 2014) . As controls, we used uninfected MEFs, as well as MEFs infected with the reverse tetracycline transactivator (rtTA) alone, and sampled these cells at 48 hr. Each ATAC-seq library met quality control metrics and was sequenced to obtain at least 20 million mapped reads . In total, we identified 233,650 sites of dynamic DNA access during the course of iN cell reprogramming. Remarkably, thousands of genomic sites changed accessibility after a mere 12 hr of induction, swelling up to 11,814 sites that changed significantly compared to rtTA control by 48 hr (Figure 1B ). We observed a high level of correlation between the two biological controls ( Figure S1A ), indicating that rtTA alone has little effect on chromatin accessibility. We used the StepMiner algorithm (Sahoo et al., 2007) to detect transitions in DNA accessibility patterns over time. Many of the sites gaining DNA accessibility (red) are either direct Ascl1 targets as defined by chromatin immunoprecipitation sequencing (ChIP-seq) at 48 hr after Ascl1 induction ( Figure 1B ; Figure S1B ), or contained at least one CAGCTG E-box motif-which are enriched in Ascl1 ChIP-seq peaks ( Figure S1C )-indicating the direct action of Ascl1 at its binding sites. In agreement with the notion that Ascl1 is primarily a transcriptional activator (Castro et al., 2011; Wapinski et al., 2013) , the genes associated with sites gaining accessibility are on average induced ( Figure 1C) . Remarkably, however, quite a large number of sites are losing DNA accessibility in a similarly rapid manner and many of those sites do not contain E-box motifs, suggesting those changes are not directly regulated by Ascl1.
The overwhelming majority of chromatin sites that changed are located in intergenic or intronic regions ( Figure S1D ), consistent with the distribution of Ascl1 ChIP-seq peaks (Wapinski et al., 2013) . Using genomic regions enrichment of annotations tool (GREAT) (McLean et al., 2010) to associate the enhancer and promoter regions to genes, we observed an enrichment of neuronal gene ontology (GO) terms, as well as a muscle GO term (Z disc) for opening sites. In contrast, extracellular matrix GO terms are enriched at closing sites. The observed changes at the chromatin level reflect the previously described By day 5, we observe rounded cell bodies that sometimes extend into short processes. By day 13, we see obvious neuronal morphology that continues to mature and gain complexity through to day 22. (B) Left: Heatmap showing dynamic chromatin changes during first 48 hr of iN cell reprogramming. Sites gain (red) and lose (blue) DNA accessibility as early as 12 hr after induction of Ascl1, and these changes persist up to 48 hr. Opening chromatin regions are associated neuronal genes, whereas closing regions are associated with more general ECM terms. Right: Heatmap of normalized tag densities showing Ascl1 binding profile centered around the ATAC-seq peak on the corresponding row. Sites that gain DNA accessibility are more strongly bound by Ascl1 compared to sites that lose accessibility. (C) Average log 2 (fold-change) of genes with promoters (±5 kb from TSS) associated with open (red) or closed (blue) chromatin regions for each time point, relative to the MEF+rtTA controls (mean ± SEM, n = 2). Open chromatin is generally associated with promoters of upregulated genes, whereas closed chromatin is associated with downregulated genes. (D) Heatmaps of normalized tag densities representing transposase accessibility and the occupancy profile of Ascl1 at 48 hr for all E-box motifs in the genome, sorted based on intensity of Ascl1 binding. Ascl1's footprint is clearly shown in regions with a stronger ChIP signal, with a correspondingly higher ATAC-seq predicted binding probability. (E) Binding probability at E-box motifs inferred from ATAC-seq data at each of the indicated time points. The x axis is the probability of motif occupancy, and 1.00 (100%) indicates high probability of binding. The y axis is the fraction of all E-box motifs in the genome that have the indicated binding probability. (legend continued on next page) transcriptional response to Ascl1 (Figures S1E and S1F) (Treutlein et al., 2016) . We next calculated Ascl1's binding probability by computing the DNA accessibility, as defined by the number and pattern of ATAC-seq tag densities at all E-box motifs in the mouse genome, and compared the signal to Ascl1 genomic occupancy by ChIPseq. We plotted heatmaps of tag densities representing transposase accessibility and Ascl1 ChIP-seq signal at 48 hr, which are centered around all E-box motifs in the genome and sorted based on the intensity of Ascl1 binding ( Figure 1D ). Ascl1's footprint is apparent within the ATAC-seq data in regions that have strong ChIP-seq signal. These sites have a high ATAC-seq binding probability as determined using CENTIPEDE (Pique-Regi et al., 2011) . Because Ascl1's footprint strongly correlates with its genomic localization at 48 hr, we used the binding probability as a metric to define whether Ascl1 was bound at a specific site and at earlier time points for which we did not have ChIP-seq data. During the process, we observed a strong shift in Ascl1's binding probability from 0, for the vast majority of E-box motifs in the MEF+rtTA starting population, to 1, for more than 20% of the E-box motifs at 48 hr after Ascl1 induction ( Figure 1E ). Moreover, we implemented an enhancer cytometry assessment, which is a method to resolve the representative cellular populations on a mixed sample on the basis of chromatin accessibility at enhancers (Corces et al., 2016; Newman et al., 2015) . We detected a homogeneous chromatin profile ( Figure S1G ), consistent with previous single-cell RNA-seq data (Treutlein et al., 2016) .
These data indicate that reprogramming is a highly dynamic process, whereby chromatin remodeling begins as early as 12 hr after Ascl1 induction. Moreover, it indicates that the early increase in chromatin accessibility is largely and directly driven by Ascl1. Consistent with previously obtained transcriptomic data (Treutlein et al., 2016) , sites that gain accessibility are enriched for both neuronal and muscle GO terms, suggesting a promiscuity of Ascl1 genomic targeting that can be observed at the chromatin level even in the early stages of reprogramming.
A Major Transition at Day 5 Distinguishes Early and Late Neuronal Programs
To further dissect the reprogramming mechanisms, we analyzed the ATAC-seq results at mature time points. Despite the large number of regions that changed in accessibility within 48 hr of Ascl1 induction, we observed a more striking number of sites that undergo chromatin changes between 48 hr and day 5 of reprogramming ( Figure 2A ). This chromatin ''switch'' (illustrated in Figure 2B ) precedes phenotypic signs of neuronal maturation, such as membrane channel composition, axonal and dendritic specialization and transport, and synapse formation. After day 5, chromatin changes merely comprise less than 20% of all changes (Figures 2A and 2B) . Moreover, pairwise Pearson correlation of ATAC-seq signals across all time points shows a sharp demarcation between 48 hr and day 5 ( Figure 2C ).
Regulatory elements that become accessible at the day 5 chromatin transition in TauEGFP + iN cells (Figure 2A ) are enriched for genes associated with neuronal processes, such as development of neurite networks (group 1), and synaptic maturation (group 2). They contain accessible peaks that most resemble TauEGFP + cortical neurons isolated from embryonic day 15.5 (E15.5) mice and are associated with various genes found in mature synapses, such as neurotransmitter receptors, neurexins, and synapsins ( Figure 2A ; Figure S2A ). These sites are strongly associated with promoter regions compared to other groups ( Figure S2B ). Concurrently, sites that lose accessibility at day 5 are associated with broad biological functions and extracellular matrix GO terms (groups 3 and 4), both of which are associated with the starting fibroblast identity (Figure 2A ; Figure S2A) . Groups 5 and 6 consist of peaks uniquely accessible in iN cells, and not in cortical neurons. The vast majority of these regions are at intronic and intergenic regions, and lack any significant GO term enrichment ( Figures S2A and S2B ). These sites are strongly bound by Ascl1, which could contribute to aberrant gene induction or misassignment between ATAC-seq peak and nearest gene ( Figure 2A ). The endogenous loci of Brn2 (group 1) and Myt1l (group 2), both key factors that improve the efficiency of iN cell reprogramming (Chanda et al., 2014; Vierbuchen et al., 2010) , also become open by day 5 ( Figure 2D ; Figure S2C ). A closer examination of the Brn2 locus reveals three putative regulatory regions (promoter and gene tail) that are accessible in primary neurons and gain accessibility through the course of MEF-to-iN cell reprogramming. These regulatory regions are marked by histone H3 lysine 27 acetylation (H3K27ac) and DNase-I hypersensitivity in the embryonic and adult mouse brain, both of which are associated with an active enhancer state ( Figure 2D ). This indicates that the initially repressed Brn2 locus gains accessibility upon Ascl1 induction by day 5 and retains that accessibility through the rest of reprogramming.
Similarly, at day 5, we examined the chromatin landscape of TauEGFP À cells, which fail to reprogram due to Ascl1 downregulation and deviation from the reprogramming path (Treutlein et al., 2016) . Correlation analysis shows that TauEGFP À cells lie between the starting population of MEFs and TauEGFP + intermediates, whereas day 5 TauEGFP + intermediates cluster closer to days 13 and 22 iN cells ( Figure 2C ). In particular, TauEGFP À cells fail to activate the regulatory regions of genes in group 2 and fail to repress genes in group 4 (Figure 2A) .
In summary, our data suggest that day 5 post-Ascl1 induction represents the major transition point with respect to remodeling the fibroblast to a neuronal chromatin state. on the chromatin. A useful feature of ATAC-seq data are its ability to report nucleosome position and the degree of chromatin compaction (Buenrostro et al., 2013; Schep et al., 2015) . The periodicity observed on recovered ATAC-seq fragments as multiples of approximately 150-to 200-bp lengths is reflective of the number of nucleosomes. Single nucleosomes generate an approximate 200-bp insert length, whereas compacted di-and tri-nucleosomes generate 400-and 600-bp fragments, respectively. Smaller than 150-bp reads account for nucleosomal free DNA. We filtered the ATAC-seq reads that overlapped within 100 bp of an E-box bound by Ascl1 and binned the reads based on length. We then plotted the enrichment of differentially sized DNA fragments at each of the time points around Ascl1 binding sites ( Figure 3A) . This analysis showed a substantial genomewide remodeling of the chromatin architecture near Ascl1 binding events during Ascl1-induced reprogramming.
Most striking was the gain of shorter fragments (less than 150 bp) that became prominent as early as 12 hr after Ascl1 induction relative to the starting MEF population, and remain enriched throughout the mature time points. These regions represent DNA that gains accessibility at Ascl1 target sites, demonstrating its pioneering activity ( Figure 3A) . Additionally, we noticed a global effect of nucleosome shuffling with no clear pattern occurring at the early time points. However, a clear transition occurs by day 5, when the nucleosome organization attains a stable configuration as noted by the nucleosomal periodicity maintained through late time points ( Figure 3A) .
Subsequently, we assayed the rearrangement of the chromatin landscape and nucleosome positioning at Ascl1-bound sites by mapping the distribution of differentially sized DNA fragments centered on Ascl1's motif ( Figure 3B ) (Henikoff et al., 2011) . We found an enrichment of short fragments (less than 150 bp) as early as 12 hr after Ascl1 induction, suggesting a fast engagement of Ascl1 with the chromatin to make it more accessible. The enrichment of short reads at Ascl1 target sites increases throughout ensuing stages of reprogramming (Figure 3B ; Figure S3A ). Additionally, we observed an enrichment of fragments of 200-and 400-bp approximate lengths starting at day 5 and continuing through day 22. Larger fragments are equidistantly located (±200 bp) from the Ascl1 target sites, likely representing the stabilization of new flanking nucleosomes around Ascl1 binding sites ( Figures S3A and S3B) .
Thus, we find that the early stages of reprogramming are characterized by rapid accessibility of Ascl1 to its cognate sites, resulting in local yet extensive rearrangement of the chromatin architecture. The most drastic epigenetic transition takes place at day 5, in which nucleosomes are phased into a distinct but stable configuration to promote the execution of a mature neuronal program that includes a larger number of regulatory regions. Nucleosome phasing has been reported to be a critical feature for enhancer activation following TF binding to DNA, as exemplified for the estrogen receptor cistrome (Carroll et al., 2006) .
Network Analysis Reveals Hierarchical TF Regulation and Identifies Downstream Effectors of iN Cell Reprogramming
Given the extensive number of regulatory regions that become accessible at day 5, we interrogated the transcriptional network that confers mature neuronal programs. We created a comprehensive TF-motif database encompassing 321 TF motifs (ENCODE Project Consortium, 2012; Sandelin et al., 2004) . For each motif site on the genome, a machine-learning algorithm (PIQ) was applied to assign a probability that the site is bound by its cognate TF at each time point using ATAC-seq data (Sherwood et al., 2014) . Using this pipeline, we inferred TF-TF networks for iN cells at day 5, 13, and 22. To increase the stringency of the network, we integrated RNA-seq data for the corresponding time points to select target genes that are changing during the iN cell time course ( Figure S4A ). The end result is a network model that can be drawn as a hierarchical graph, in which Ascl1 is placed at the top ( Figure 4A ). Each node is a TF gene; each edge represents a relationship between two genes. The directionality of the edge indicates that the TF (protein) encoded by the upstream node occupies the regulatory region of the downstream node (gene). For example, Ascl1 / Zfp238 means that Ascl1 (protein) occupies the Zfp238 locus, as inferred by the pattern of DNA access of the Ascl1 motif in the regulatory region within the Zfp238 locus.
The network model of the three mature time points contained between 44 and 56 TFs and 273 to 391 edges in each time point-specific network. Moreover, to interrogate the network dynamics, we computed the gain and loss of each node's outedges between time points. A core of 200 edges was maintained across time points, suggesting that the vast majority of the TF-TF regulation is maintained from day 5 to 22. However, we identified 149 edges that are gained from day 5 to day 13, most of which are lost by day 22. Although largely static after day 5, the network analysis captured small transitory cell states. Of important note, many of the network members are transiently expressed and downregulated at later reprogramming stages ( Figures S4B  and S4C) . Thus, the Ascl1-centered transcriptional network seems to remain similar during reprogramming, but its relevance may decrease at later stages (Treutlein et al., 2016) .
When representing the network in hierarchical structure, Ascl1 is displayed at the top. At the second tier are TFs that are directly regulated by Ascl1 (dark blue and dark green). The third tier is composed of TFs that are not directly regulated by Ascl1 (light blue and light green). Blue nodes represent TFs that regulate other TFs in the network. For the most part, the core of the network is largely similar, with slight differences in binding and modest TF inclusions and exclusions occurring at the level of second and third tiers at days 13 and 22.
Previous studies have shown that Zfp238 (or Zbtb18, Rp58) is directly bound by Ascl1 during reprogramming, and can partially replace Ascl1 by reprogramming MEFs when co-expressed with Myt1l (Wapinski et al., 2013) . Reassuringly, we find that our network also predicts Zfp238 to be a direct target of Ascl1, and that Zfp238 has a relatively high degree of connectivity (total number of edges leading to or out of the TF) within the network ( Figure 4A ; Figure S4D ). Using PIQ to predict the probability of Ascl1 occupancy at later time points, we also observed on average a higher purity score in TauEGFP + cells (>0.9) compared to TauEGFP À cells (0.65-0.8) at day 5 at Ascl2 motifs. These predicted binding sites fall within actual Ascl1 binding sites at the Zfp238 transcription start sites (TSSs) as shown by ChIP-seq at 48 hr, indicating that successful iN cell reprogramming is associated with high degree of Ascl1 occupancy at the Zfp238 promoter at day 5 ( Figure S4E ). To assess the role of Zfp238 during reprogramming, we induced Ascl1 in MEFs from Zfp238 knockout (KO) or wild-type (WT) littermate mouse embryos ( Figure S4F ). Zfp238 KO MEFs produced significantly fewer Tuj1 + and less Map2 + iN cells ( Figure 4B ), and cell counts indicate that Zfp238 KO does not induce cell death (Figure S4G) . These results show that Zfp238 is an essential downstream effector of Ascl1-induced reprogramming.
Next, we queried the network to identify novel effectors of Ascl1's program and test the most salient features of the model. In particular, we asked whether the temporal expression of the TF or its connectivity weighed on its ability to control a significant component of the iN cell reprogramming transcriptional program. Using bulk (Wapinski et al., 2013 ) and single-cell (Treutlein et al., 2016 ) RNA-seq data over the course of iN cell reprogramming, we analyzed the expression pattern for all TFs present in the network. Because TF families share similar motifs, we looked at the expression pattern of all corresponding members, and selected candidates with similar transient early expression pattern as Zfp238 (Dlx3, Sox4, Sox8) ( Figure 4C ; Figures S4B  and S4C ). In addition, we selected candidates with high degrees of connectivity (Egr1, Plagl1, Zfp161) ( Figure S4D) .
The combined infection of all six candidate genes was not sufficient to reprogram MEFs. Overexpression of well-connected TFs Egr1, Plagl1, and Zfp161 in combination with Myt1l also did not form neurons. However, the combined expression of either Sox8 or Dlx3 with Myt1l resulted in the formation of Tuj1 + cells with typical neuronal morphology. The reprogramming efficiency of Sox8, a direct target of Ascl1, in combination with Myt1l, was comparable to that of Zfp238 with Myt1l ( Figures  4D and 4E ; Figure S4H ). Dlx3 is in a lower position in the network hierarchy and has a lower reprogramming efficiency than either Sox8 or Zfp238. This finding indicates that the temporal expression of the TF is a better indicator of reprogramming ability (Figure 4B) , and nodes more closely connected to Ascl1 also have a better reprogramming ability. (legend continued on next page)
DISCUSSION
In this study, we provide a view of the epigenomic landscape of somatic cell trans-differentiation, using direct reprogramming of fibroblasts to neurons. Surprisingly, we found a single major concerted chromatin switch in iN cell reprogramming. The chromatin switch can be considered ''prescient'' because the switch precedes and in fact anticipates the gene expression requirements for morphologic and functional maturation of iN cells. The organizational logic of this concerted, rapid, and genomewide chromatin remodeling ''switch'' that characterizes iN cell reprogramming seems to differ substantially from iPSC reprogramming based on recent chromatin mapping data of iPSC reprogramming (Cacchiarelli et al., 2015; Chronis et al., 2017) , and also from physiologic development in either embryonic or somatic stem cells (Lara-Astiaso et al., 2014; Lopez-Pajares et al., 2015; Wang et al., 2015; Wu et al., 2016) . Both iPSC reprogramming and normal development are thought to proceed through stepwise and gradual transitions, where prior steps bookmark enhancers for activation in subsequent stages (LaraAstiaso et al., 2014) . Recent studies of enforced ESC programming to motor neurons also revealed dynamic multi-step chromatin remodeling (Rhee et al., 2016; Velasco et al., 2017) . It should be noted, however, that conventional Yamanaka-factor iPSC reprogramming is a slow and stochastic process (Buganim et al., 2012; Hanna et al., 2009; Smith et al., 2016) . It will be interesting to assess whether a similar rapid chromatin switch occurs in recently developed high-efficiency iPSC reprogramming systems that involve the transient activation of Cebpa or timed, partial inhibition of Mbd3 (Rais et al., 2013; Di Stefano et al., 2014) .
We propose that a TF needs to fulfill two main requirements to initiate such a concerted chromatin switch. First, it needs to be a pioneer factor capable of binding its cognate target sites in a ''hostile'' donor environment, rapidly reorganize the chromatin structure, and activate its target program. Second, it has to be a master regulator that can activate key endogenous TFs in the target program that can subsequently facilitate a major concerted cell fate transition to the target identity. Given that reprogramming of fibroblasts into cardiac and hepatic cells also involves lineagespecific pioneer factors, it will be interesting to explore whether a similarly rapid chromatin switch can be observed in these reprogramming scenarios (Huang et al., 2011; Ieda et al., 2010; Iwafuchi-Doi and Zaret, 2014; Sekiya and Suzuki, 2011) .
In our iN cell system, Ascl1 is the pioneer factor and initially dominates the chromatin landscape, driving most of the increase in chromatin accessibility at the early time points and upregulating many Ascl1 target genes and neuronal genes. Reflecting our transcriptional findings, we detected some promiscuity in Ascl1-mediated chromatin remodeling at the early time points, whereby the regulatory regions of some myogenic genes gain accessibility within 12 hr of Ascl1 induction (Treutlein et al., 2016) , suggesting that the determination of this alternative cell fate occurs on the chromatin level very early in reprogramming. Because both Ascl1 and Myod1 (a myogenic bHLH TF) bind a common E-box sequence (CAGCTG) (Castro et al., 2011; Fong et al., 2015) , we speculate that the strong overexpression of Ascl1 led to the initiation of an off-target myogenic program that is not normally observed in a more tightly controlled endogenous environment. This is also consistent with our recent finding that Myt1l represses non-neuronal fates, including myogenic genes, suggesting potential synergy between Ascl1 and Myt1l (Mall et al., 2017) .
By integrating ATAC-seq data at critical regulatory elements of the genome with gene expression, we built a network model that provides mechanistic insight into the hierarchy of events that occur during reprogramming. During this process, we identified critical TFs and determined their relative contribution to reprogramming. Remarkably, many of the genes in the Ascl1-induced reprogramming network are expressed in the ventral forebrain, just like Ascl1 itself. This suggests Ascl1-induced transcriptional cascades during reprogramming, which might be reminiscent of its physiological actions in vivo. Three candidates, Zfp238, Sox8, and Dlx3, were confirmed experimentally to play important functional roles. Zfp238 is a target of Ascl1 and is implicated in neuronal differentiation Xiang et al., 2012) . Sox8 is also a direct target of Ascl1 and belongs to the SoxE subclass of the Sox family TFs. SoxE factors are implicated in many aspects of neuronal development, but the action of Sox8 specifically is not as well understood (Weider and Wegner, 2017) . Dlx3 is reported to be expressed in the neural-related placodes during development (Beanan and Sargent, 2000) , a site of additional proneural bHLH factor activity (Cau et al., 2000; Fode et al., 1998) .
In conclusion, the epigenomic landscape during Ascl1-mediated direct reprogramming of fibroblasts into neurons shows a major concerted chromatin switch from the donor to target program that may be recapitulated in other direct reprogramming systems, but differs substantially from iPSC reprogramming and physiologic development. This poses intriguing implications in using direct reprogramming systems to model developmental mechanisms and also highlights properties required of pioneer factors that mediate concerted cell fate switches during development and for regenerative medicine.
EXPERIMENTAL PROCEDURES
Cell Derivation, Culture, and Viral Production The following mouse protocols were approved by the IACUC committee in Stanford University; MEFs were isolated and co-infected with rtTA and doxycycline (dox)-inducible Ascl1 and allowed to reprogram as previously described (Vierbuchen et al., 2010) . Cells were harvested at 12, 24, 36, and 48 hr, and days 5, 13, and 22 post-dox induction. Control MEFs were either not infected or infected with rtTA alone and harvested 48 hr after addition of dox. Neurons from E15.5 embryos were isolated and used as a positive neuronal control. See Supplemental Experimental Procedures for more details.
Right bar shows ability of each indicated TF to bypass Ascl1 and produce iN cells when co-expressed with Myt1l. Dlx3, Sox8, and Zfp238, when overexpressed in MEFs with Myt1l, gave rise to Tuj1 + and Map2 + cells with neuronal morphology.
(D) Tuj1 and Map2 immunostaining 14 days post-induction of Ascl1, Zfp238, Dlx3, or Sox8 with Myt1l. Zfp238, Dlx3, and Sox8 can all form iN cells when coexpressed with Myt1l in the absence of Ascl1.
(E) Counts of Tuj1 + or Map2 + neuronal cells 14 days post-induction of Ascl1, Zfp238, Dlx3, or Sox8 with Myt1l (mean ± SEM, n = 3).
ATAC-Seq ATAC-seq was performed as described (Buenrostro et al., 2013) . ATAC-seq libraries were sequenced on Illumina HiSeq2000 or NextSeq sequencers. Primary data processing was done as described (Buenrostro et al., 2013) . Detailed information on computational analysis can be found in Supplemental Experimental Procedures. The accession number for the previously published ChIP-and RNA-seq data are GEO: GSE43916.
TF Network Analysis TF-TF networks were constructed for the Ascl1 cells at days 5, 13, and 22. First, we used PIQ v1.2 (Sherwood et al., 2014) to assay mouse and human motif position weight matrices (PWMs) from JASPAR (Mathelier et al., 2014; Sandelin et al., 2004) and defined bound motifs to be sites with purity score greater than 0.9. Next, we filtered for TF-gene interactions that resulted in a change in the target gene's openness. Finally, we further prune the remaining edges by only keeping the edges whose target genes exhibited differential expression (adjusted p value % 0.1) based on previously published RNAseq raw counts (Wapinski et al., 2013) . This gave a directed network between TFs, for TFs with open loci which bound near genes whose openness and RNA-seq expression changed relative to time 0. Then network was then organized and visualized using Cytoscape (Shannon et al., 2003) . More detailed information can be found in Supplemental Experimental Procedures.
Single-Cell and Bulk RNA-Seq Analysis for Network TFs Making the assumption that TFs from the same family bind similar motifs, the gene expression profile of the TFs from the networks of all three time points and all their family members was generated with gene expression (reads per kilobase of transcript per million mapped reads [RPKM]) as columns and either cells as rows for the single-cell RNA-seq dataset (Treutlein et al., 2016) or individual samples as rows for the bulk RNA-seq dataset (Wapinski et al., 2013) . For the single-cell RNA-seq dataset, the list is filtered for TFs that are expressed with at least an RPKM of 1 in 10 or more cells. Hierarchical clustering is then performed on the remaining data frame using Pearson correlation as a distance metric. The rows are sorted according to fractional neuronal identity. The heatmap is then generated using ggplot2 in R, and visualized using TreeView. In Figure 4C , a similar heatmap is plotted with only the TFs we used to validate the networks. For the bulk RNA-seq dataset, the list is filtered for TFs that are expressed with at least one RPKM in two or more samples. The remaining data frame is used to plot a heatmap using heatmap.2 under the gplots package in R. Pearson correlation was used as the distance metric in clustering both columns and rows. The column values are scaled according to the heatmap.2 default.
Validation of Ascl1 Target Genes
Zfp238 KO and WT MEFs from littermates were obtained as previously described and co-infected with rtTA and dox-inducible Ascl1. Similarly, TauEGFP MEFs were co-infected with rtTA, dox-inducible Ascl1, and selected target genes following the reprogramming protocol (Vierbuchen et al., 2010) . Day 14 after dox induction, cells were fixed, and immunostaining was performed with Map2 and Tuj1. For each replicate, the number of Tuj + , Map2 + , and DAPI + cells were counted. Graphs show the average of n biological replicates, and the error bars indicate the SE. Student's t test was performed to determine statistical significance. More details of immunofluorescence and cell counting can be found in Supplemental Experimental Procedures.
Data and Software Availability
The accession number for the ATAC-seq data reported in this study is GEO: GSE101397. 
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